In this paper the force feedback computation is investigated for improving the quality of the haptic feedback in virtual reality applications. The chosen structure for the force feedback device is string based and characterized by 3 degrees of freedom (force-feedback only) or 6 degrees of freedom (force and torque feedback). This haptic device is used together with a three-sided stereoscopic immersive visualization system to convincingly create sensations associated with forces and also with the shape and texture of the displayed objects. Feelings in general are not easy to simulate by computer technology and haptic information (force and torque feedback) can be distorted by incorrect distribution of the tension forces in the strings or delays in the computation process, because it must be updated at very high rate (approximately 1000 Hz). In this paper a new method is suggested, in which the number of computation step is fixed and the amount of calculation is low and always limited.
Introduction
Virtual reality systems and real time simulations have advanced significantly over the last decade and are used in novel industrial applications. Technical advances have led to the development of novel visualization systems, but in many cases visualization does not provide all required output. To bring the output of the simulation closer to the user, force feedback or haptic output devices must be used. Several generic haptic devices are available on the market with different degrees of freedom (3 or more), using mainly serial or parallel robotic chains, but custom haptic devices are more suitable for specific applications [1] [2] .
Haptic is a key modality for interaction as it provides to the virtual objects the sense of being "real", since it is ensuring the user to feel the "reaction". Haptic devices are becoming more and more sophisticated from the construction viewpoint and are characterized by low inertia, high stiffness, low friction, sizeable workspace, multiple degrees-of-freedom, and human matched force capabilities.
In education and virtual training applications haptic allows superior precision, resulting in faster completion of tasks and a trend toward fewer technical errors [3] [4] . The sense of touch enables the trainee to understand and to be more connected to the learning environments [5] .
String based haptic systems presents also some advantages: the workspaces are much larger, inertias are almost inexistent, they do not cover the field of view, and can be adapted in different visualization systems [1] . Because of the string, it is possible to perceive in the same location the visual and haptic information. This colocation is a significant factor in improving interaction performance in a 3D environment, for tasks requiring accuracy and rapid motion in user interaction [6] .
Most of the haptic simulators concentrate on modelling the environment and use relatively simple control laws for the feedback generation. Haptic fidelity is still an issue, because in a typical implementation the haptic device must be updated at high rate (approximately 1000 Hz) to ensure stability and a responsive interface [7] . Also the mathematical method for the haptic force computation needs to be made as effective as possible [8] . Usually the string based haptic systems are using several strings to reproduce the haptic force and torque required for the accurate interaction. The computed force and torque need to be distributed among the strings, usually computed in an optimization cycle. Most real-world optimization problems are difficult to solve, because no sufficient information about the reciprocal relationship between design variables are available. The method presented in this paper represents an alternative for the optimization method and can be successfully employed for haptic systems with any number of strings This paper is organized as follows. In Section 2 the string based haptic systems are introduced. In Section 3 is presented the proposed method for computation of the force feedback for string based haptic systems, together with experimental results. Finally, the work of this paper is summarized in the last section.
String Driven Haptic System
The chosen structure for the force feedback device is tension based and characterized by 3 degrees of freedom (force-feedback only) and 6 degrees of freedom (force and torque feedback). This system is called in the literature SPIDAR (SPace Interface Device for Artificial Reality) [9] or SPIDAR-G [10] [11] and allows users to interact with virtual objects by manipulating a central grip located in the centre of the device frame ( Fig. 1 ). The grip is designed to be grasped and held, force feedback to the user is achieved by controlling tension in the strings that connect the grip and the electric motors located at the corners of the frame (the points P 1 ...P 8 , fig. 1 ) [12] .
String based haptic device are capable to fulfil the requirement for haptic devices [13] : the natural dynamics should not distract the user from the environment being simulated, mass and friction should be as low as possible and must be capable of producing enough force so that virtual objects feel solid. String based haptic system falls in the category of "cable driven robots". These architectures have recently attracted much interest for high speed and high-load manipulation tasks that require a large workspace, but only moderate accuracy. The applications range from manufacturing tasks to virtual reality haptic devices. Cable robots are typically of a kinematic structure similar to parallel manipulators. The key difference, however, is that while the actuators of a parallel manipulator impose bidirectional constraints (pushing and pulling), the string of a cable robot impose unidirectional constraint, since the string can only pull, not push, so more than one cable is necessary to control one degree of freedom of the central platform. It has been demonstrated [14] that, with a proper choice of the cables directions, the number of degrees of freedom of the central platform is less with one of the number of cables employed. For the string based device which is capable of generating haptic force feedback (3 forces in 3 perpendicular directions: F Hx , F Hy , F Hz ) 4 cables are necessary. To replicate the haptic sensation experienced by the user with proper force and torque (3 forces: F Hx , F Hy , F Hz and 3 torques T Hx , T Hy , T Hz , Fig. 2 ) 7 cables are required. In case the physical act of grasping is also reproduced, than 8 strings are needed, so the user can manipulate virtual objects with 6 degree of freedom and can grasp them simultaneously [10] .
To obtain a maximum workspace the wires need to be attached to the frame in optimal positions. The useful workspace of a haptic device is limited, among others, by the condition that the tension in all strings must be positive all the time. This means that the central device needs to be in static equilibrium in a volume as large as possible. This represents an optimization criterion, which suggests that the cable attachment positions to the frame are of crucial importance in order to maximize the workspace. This requirement must be correlated with the other design constraints, like the position of the visualization system and also application specific requirement. Our back projection stereo system is three-sided (front, left and right) and is allowing immersive visualization using polarized light [15] . It is constructed with a wood frame (to avoid inference with the magnetic tracker) and highly transparent glasses on three sides. The dimension of the visualization system's frame in which the haptic system is mounted is 2.7m (length) x 2.7m (width) x 2m (height) (Fig. 1 ). To ensure perfect symmetry of the workspace in the centre of the frame, the electric motor which are controlling the strings are mounted in the corners of the frame (corner represented by P 1 …P 4 for force feedback, and P 1 …P 8 for force and torque feedback, Fig. 1 ). In the virtual environment the virtual grip's or virtual tool's position is established from its real counterpart. In the haptic device components are included the electric motor assembly, the controller and the computer program for the virtual scene management as well as for the haptic feedback computation. During the operation of the program the controller permanently reads data from the transducers and computes the string forces to convincingly create sensations associated with forces and also with the shape and texture of the displayed objects. The control of the feedback is made as follows:
the lengths of the wires are measured (from the motors' optical encoder), the positions of the guided points of the haptic tool (K 1 …K 8 ) are computed, string tension forces are generated with the electric motors. Fig. 2 . The forces on the grip imposed by the strings
The key issue is the real time computation of the haptic feedback is the speed of obtaining the correct tension forces. Feelings in general are not easy to simulate by computer technology. Haptic information can be distorted by incorrect distribution of the tension forces in the strings. Kim et al [10] and Williams [16] suggest that the string forces can be obtained by using an optimization cycle. But achieving the optimal solution is subject to the local conditions and speed cannot be foreseen. In this paper a new method is suggested, in which the number of computation step is fixed and the amount of calculation is low and always limited.
Force feedback generation with 4 strings
The length of each string is measured by the optical encoder of the motors and it is equal with the distance between the points K 1 …K 4 on the haptic tool and the corner points of the frame P 1 …P 4 (the electric motor's position). Using the strings' length, four constant distance constrain equations can be obtained between these points. The position of the haptic tool (x M , y M , z M ) can be found by solving three of the four constraint equations. With the one remaining equation only one spatial rotation can also be obtained.
The following steps are repeated four times in the tension computation (F 1 … F 4 ): one by one (1) the tension in one string (2) is set to a minimum value just to ensure that the strings are stretched (e.g. 1N) and the tensions in the other strings are computed by solving (3) -three non-linear equations with 3 unknown:
Valid solution is the case when all four tension forces are positive (strings do not support compression forces). In the event that more than one valid solution is available, the case when the sum of the forces is least will be the correct solution.
Using the proposed method, in figure 3 the variation of the string forces are presented in different string force computation scenarios for cases when one of the haptic force component is constant and the haptic tool position is fixed, but two of the haptic force component are varying: Fig.3a -the variation of the tension force in string 1 (in case of F Hx and F Hy are varying), Fig.3b -the variation of the tension force in string 2 (F Hx and F Hy are varying), Fig.3c -the variation of the tension force in string 4 (F Hx and F Hz are varying). In a virtual reality application the haptic force variation is given by the haptic rendering algorithm, in these cases considering just the force-feedback variation. The figure shows that the string force variation is linear and valid solution can be easily found when the haptic force components have 20N variation.
Force feedback generation with 8 strings
Using the measured strings length, eight constant distance constrain equations can be obtained between the frame's corner and the haptic tools' points. The position and orientation of the haptic tool can be obtained by solving six of the constraint equations.
The tension computation (F 1 … F 8 ) is the same, but now two by two (4) the tension in two strings are set to a minimum value (e.g. 1N) to ensure that the strings are stretched (5) and the tension in the other strings are computed by solving (6) and (7) . This results in a system with 6 non-linear equations with 6 unknown.
( , ) (1, 2),(1,3),..., (7, 8) j k (4) min min , j k F F F F
Valid solution is, as previously presented, corresponding to the one with the minimum of the sum of the positive forces in all strings. In this case the number of possible solution which needs to be investigated is the number of the combination of 6 elements from a set of 8: C(6,8) = 28. In Fig. 3 the variation of the string forces are presented in different interaction scenarios computed with the proposed algorithm. Four of the six haptic force components (3 haptic force components F Hx , F Hy , F Hz and 3 haptic torque components T Hx , T Hy , T Hz ) are set to constant values, and the haptic tool position and orientation (the rotation around the 3 axes: x , y , z ) are fixed. The other two haptic force or torque components are varying (in the real case the haptic force variation is according to the haptic rendering algorithm used in the specific application): Fig.3d -presents the variation of the tension force in string 1 (F Hx and F Hz are varying), Fig.3e -the variation of the tension force in string 3 (F Hx and F Hy are varying), Fig.3f -the variation of the tension force in string 7 (F Hz and T Hx are varying). Figure 3 is showing that the proposed algorithm is always capable of finding valid solutions for the tension forces in the strings for different positions of the haptic tool in the working area and for different forces to be reproduced by the haptic tool.
Conclusions
Haptic displays provide users with artificially created tactile sensations. String based haptic devices represents a valid alternative for interaction in virtual reality applications. Feelings are not easy to simulate by computer technology and haptic information can be distorted by incorrect distribution of the tension forces in the strings, or delays caused by computational burden. The haptic device is only responsible for producing forces and torques resulting from the interaction with the virtual environment.
Improving the computational speed will help to increase the fidelity of the haptic feedback, thus giving users a more realistic interface. A high rate of update increases the frequency of aliased harmonics of the generated forces, so that it can better mechanically filter them, allowing a wider bandwidth of force response. The advantage of the method presented for the computation of the string forces is that the optimization cycle is eliminated and the number of computational steps is reduced and can be foreseen in every case.
